Schizophrenia is highly heritable, whereas the effect of each genetic variant is very weak. Since clinical heterogeneity and complexity of schizophrenia is high, considerable effort has been made to relate genetic variants to underlying neurobiological aspects of schizophrenia (endophenotypes). Given the polygenic nature of schizophrenia, our goal was to form a measure of additive genetic risk and explore its relationship to cortical morphology. Utilizing the data from a recent genome-wide association study that included nearly 37 000 cases of schizophrenia, we computed a polygenic risk score (PGRS) for each subject in 2 independent and healthy general populations. We then investigated the effect of polygenic risk for schizophrenia on cortical gyrification calculated from 3.0T structural imaging data in the discovery dataset (N = 315) and replication dataset (N = 357). We found a consistent effect of the polygenic risk for schizophrenia on cortical gyrification in the inferior parietal lobules in 2 independent general-population samples. A higher PGRS was significantly associated with a lower local gyrification index in the bilateral inferior parietal lobles, where case-control differences have been reported in previous studies on schizophrenia. Our findings strongly support the effectiveness of both PGRSs and endophenotypes in establishing the genetic architecture of psychiatry. Our findings may provide some implications regarding individual differences in the genetic risk for schizophrenia to cortical morphology and brain development.
Introduction
Although schizophrenia has been proven to be highly heritable, 1 the effects of specific variants are very small, 2 and it is difficult to obtain consistent results. 3 This is partly because of its clinical heterogeneity and the complexity of its phenotypes along with their high degree of polygenic modulation. 1 Efforts have been made to compute polygenic risk score (PGRS) which could better capture the polygenic nature of complex disorders. A PGRS is based on the additive effects of a large number of disease-related genetic variants that individually have weak effects 4 and allows the statistical power of large genomewide association studies (GWAS) to be applied to small samples. 5, 6 The PGRS can then be used to investigate the effects of the cumulative genetic risk for the disorder on various phenotypes. 7 The schizophrenia PGRS has been reported to be correlated with quantitative symptoms scales, 8 cognitive performance, 9, 10 and neuroimaging measures. [11] [12] [13] [14] [15] For example, increased schizophrenia polygenic risk predicts neurocognitive fluctuations in the general population. 9 Specifically the polygenic risk for schizophrenia was associated with working memory-related prefrontal brain activation, a well-established intermediate phenotype for schizophrenia, in both schizophrenics and normal controls. 12 Efforts are also made to investigate the association between PGRS and brain volume. [13] [14] [15] But until now, to the best of our knowledge, no study has investigated the effect of polygenic risk for schizophrenia on cortical morphology, the abnormity of which is associated with schizophrenia. 16, 17 To establish the underlying genetic architecture of psychiatric disorders and identify the neural mechanisms that link genotypes to a clinical syndrome, endophenotype strategies have been increasingly employed. 18 Endophenotypes, which are thought to be more closely related to the neurobiological activity of genes than clinical diagnosis, may provide footholds for studying the genetic underpinnings of a disorder. 19 Gyrification refers to the pattern and degree of cortical folding and has been chosen as an candidate endophenotype for schizophrenia. 20 Gyrification can be measured by local gyrification index (LGI), which is a metric that quantifies cortical folding in a 3-dimensional approach by calculating the amount of cortex buried within the sulcal folds as compared with the amount of cortex visible on the outer surface of the brain. 21, 22 A higher value of LGI represents extensive folding whereas a lower value reflects a relatively flat cortex. The LGI was specifically designed to identify early defects in cortical development, was employed in our research.
In this study, we examined the correlation between the cumulative genetic risk for schizophrenia and cortical gyrification in 2 independent, general-population samples. The PGRS was derived from the largest (to our knowledge) GWAS of schizophrenia by the Schizophrenia Working Group of the Psychiatric Genomics Consortium. 23 We hypothesized that increased genetic risk for schizophrenia would be associated with disrupted cortical gyrification in areas, such as inferior parietal lobules (IPL), 17 precentral gyrus, 24 and prefrontal cortex, 25 where case-control differences have been reported in previous studies on schizophrenia.
Methods

Participants
Discovery Dataset. The discovery dataset included a total of 323 healthy young Chinese subjects (mean age: 22.7 ± 2.5 y; age range = 18-31 y; 157 males). None of the participants or their first-degree relatives had a history of psychiatric diagnoses, or of neurological or metabolic illnesses, or of drug or alcohol abuse. They all gave full written informed consent to participate in the study. This study was approved by the Ethics Committee of Tianjin Medical University. Eight of the 323 subjects were excluded from further analysis due to genotyping quality control (QC) failure. Our resulting sample comprised 315 individuals with high-quality T1-weighted scans (see table 1 for demographic details).
Replication Dataset. The replication dataset was obtained from a separate cohort of young subjects. A total of 360 healthy Chinese participants (mean age: 19.4 ± 1.1 y; age range = 18-24 y; 186 males) who, together with their first-, second-, and third-degree relatives, had no history of psychiatric disorder were scanned. All of the participants had no history of psychiatric treatment, drug or alcohol abuse, traumatic brain injury, or visible brain lesions on conventional magnetic resonance imaging (MRI). They all gave full written informed consent to participate in the study. This study was approved by the Ethics Committee of the School of Life Science and Technology at the University of Electronic Science and Technology of China. Three of the 360 subjects were excluded from further analysis due to genotyping QC failure, which resulted in a sample comprising 357 participants (see table 1 for demographic details).
Genotype Processing
We collected ethylene diamine tetraacetic acid (EDTA) anti-coagulated venous blood samples from all the participants and then extracted genomic DNA from their whole blood using the EZgene Blood gDNA Miniprep Kit. The whole-genome genotyping was performed on Illumina Human OmniZhongHua-8 BeadChips using the standard Illumina genotyping protocol (Illumina). We performed the subsequent genotype QC using PLINK version 1.07. 26 First, we removed the individuals whose missing genotype rates were greater than 0.05 (3 samples from discovery dataset and 1 sample from replicate dataset). Then, we identified the individuals with possible relative relationships by using the estimate of pairwise identity-by-descent (IBD) to find pairs of individuals who had more similar genotypes than we would have expected by chance in a random sample and removed the one of each pair who had the greater missing genotype rate (5 samples from discovery dataset and 2 samples from replicate dataset). Next, we applied single nucleotide polymorphism (SNP)-level filtering, removing SNPs with missing genotype rates greater than 0.05, a minor allele frequency less than 0.01, and significant departure from Hardy-Weinberg Equilibrium (P < .001). To control for population stratification, we carried out a principal component analysis (PCA) using EIGENSTART 5.0.2 27,28 on a linkage disequilibrium (LD) pruned set of autosomal SNPs obtained by carrying out LD pruning with PLINK and removing 5 long-range LD regions with the HapMap phase 3 reference data set. 29 After getting 10 principal components, we excluded the outliers of the samples >6 SD. Ungenotyped SNPs were imputed using SHAPEIT v2 (r790) 30 and IMPUTE2 31 with the 1000 Genomes Phase 1 reference dataset. Further analyses focused on autosomal SNPs with imputation quality scores greater than 0.8. After the QC procedures, 315 and 357 subjects with more than 7 million SNPs remained for the subsequent analyses.
Computation of PGRS
We used the "score" utility in PLINK and the GWAS results 23 to compute the polygenic schizophrenia-risk score. The PGRS was computed following the method developed by Purcell and colleagues, 4 as described in full detail by Avram and colleagues. 32 Since a lower P-value threshold maximizes the predictive ability of a polygenic analysis sample as the discovery GWAS case-control sample increases, 7 we obtained the list of SNPs that showed a nominal association with schizophrenia (P < 10 , yielding 5 different PGRSs. Choosing the P-threshold to define PGRS is an important step, and some estimation methods have been proposed to define the threshold. 33, 34 However, these methods couldn't work in our high-dimensional MRI data (about 327 684 vertices) of healthy individuals since this is a datadriven study and there are no predefined phenotypes.
In general, a more stringent cutoff generates a score consisting of a smaller number of SNPs with a higher proportion of them being truly related with schizophrenia. On the other hand, by relaxing the threshold, we could increase the number of truly associated SNPs, thus increasing the effect size of PGRS and improving the statistical power for detecting the associations with disease correlates. However, too weak thresholds would include some variants which were too weakly associated with schizophrenia, thus decreasing the statistical power to identify the genetic associations with intermediate phenotypes. 35 Therefore, we choose the middle one (10 -5 ) in our analysis, as done in other studies. 35 
Image Acquisition and Processing
In this study, we finished the image acquisition of each scanner within 6 months, which is a relatively short period of time. During each scanning period, the same sequence and protocol was kept for each subject and no hardware and system upgrade was guaranteed for each scanner. Images from the discovery dataset were acquired with a 3.0 T Signa HDx GE scanner. A 3-dimensional T1-weighted volumetric sequence was performed using a protocol with repetition time (TR) = 8. The LGI for each vertex quantifies the amount of cortex buried within the sulci on gray matter/cerebrospinal fluid (pial) cortical surface as compared to the amount of cortex that is visible on the outer surface of a 3D circular region of interest (ROI) centered at this vertex. 32 The calculation of LGI across the brain was undertaken using the publicly available FreeSurfer software package, version 5.3.0 (http://surfer.nmr.mgh.harvard.edu/). Initially, grey matter/white matter (white) and pial surface triangulations were reconstructed. 30 The generated cortical surfaces were then carefully reviewed and manually edited for technical accuracy. Vertex-wise estimates of the LGI on the pial surface were calculated using the following steps 21 :
(1) creation of an outer smoothed surface tightly wrapping the pial surface; (2) successive estimations of circular 3D ROI with a radius of 25 mm on the outer smoothed surface and of their corresponding circular patches on the pial surface; and (3) computation of the ratio between the areas of the 2 corresponding ROIs at each vertex of the outer smoothed surface and propagations of the LGI values from the outer smoothed surface to the pial cortical surface. In this way, values ranging from 1 to 5 were assigned to each vertex representing the degree of cortical folding on a regional scale. Higher LGI indicates extensive folding whereas a LGI value of 1 means a flat cortex. For comparison, all of the individual LGI maps were aligned to an average template by using a surface-based registration algorithm. 36 We used a full-width at half-maximum of 20 mm to smooth the vertex-wise maps.
Statistical Analysis
Vertex-wise analyses of LGI were performed using a general linear model controlling for the effect of age and gender to estimate the association between the LGI measure at each vertex and the PGRS for the discovery and replication datasets separately. A total of 163 842 vertices for each hemisphere were tested for associations with PGRS. To correct for multiple comparisons, a Monte Carlo cluster simulation and a cluster analysis were performed to identify the clusters with significant cortical complexity. 31 The algorithm of cluster-wise correction for multiple comparisons by a Monte Carlo simulation was implemented in the framework of FreeSurfer software package. The method used a simulation to obtain a measure of the distribution of the maximum cluster size under the null hypothesis. 37 To be specific, the simulation populated the cortical surface with normally distributed random data, thresholded the data with vertex-wise threshold, and applied the smoothness of the actual data. The area of the largest cluster was then calculated. By repeating this process for a given number of iterations, a histogram of maximum cluster area that occurred for random data of a given smoothness was generated. A corrected P value for the cluster size was computed, indicating the probability of seeing a maximum cluster of that size or larger. Clusters remaining in the areas of significance to the LGI maps show that the result is not likely due to chance. In our analysis, a total of 10 000 iterations were performed in the simulation procedure, using a vertex-wise threshold of P < .05 and a cluster-wise threshold of P < .05.
The anatomical overlap of brain regions with significant correlations between the LGI and the PGRS using the discovery and replication datasets was determined by a conjunction analysis. 38 This facilitated inspection to see if the regions with significant correlations produced by the 2 independent datasets were consistent.
A Pearson correlation was further performed to test the association between the mean LGI of the identified clusters and the PGRS with age and gender as covariates.
Results
Associations Between the LGI and the PGRS in the Discovery Dataset
The demographic information is shown in table 1. We first investigated the effects of the PGRS on the LGI based on the data from 315 young healthy subjects and found significant negative correlations between the PGRS and the LGI in 2 clusters, one in each hemisphere (figure 1A, corrected cluster-wise P = .026 for the cluster in the left hemisphere, corrected cluster-wise P < .001 for the cluster in the right hemisphere). These clusters involved the bilateral IPL, the right postcentral areas, and a portion of the precentral areas. There were no significant positive associations between the LGI and the PGRS.
Associations Between the LGI and the PGRS in the Replication Dataset
In addition, we performed the same kinds of analyses on the data from the 357 independent replication subjects. We observed 2 similar clusters, one in each hemisphere, that had significant negative correlations between the LGI and the PGRS (figure 1B, corrected cluster-wise P = .006 for the cluster in the left hemisphere, corrected cluster-wise P < .001 for the cluster in the right hemisphere). These clusters involved the bilateral IPLs, the left lateral occipital, parts of the right postcentral and precentral areas extending to the middle frontal, and the inferior frontal regions. There were no significant positive associations between the LGI and the PGRS. Supplementary table 1 shows clusters with significant associations between LGI and PGRS in discovery and replication datasets.
Conjunction Analysis of Regions With Joint Significant Associations Using the Discovery and Replication Datasets
A conjunction analysis indicated that the 2 independent datasets produced consistent regions with significant negative correlations. These regions were primarily located in the IPL, including the bilateral supramarginal and angular gyri ( figure 1C) . The association between the mean LGI within the IPL and the PGRS in the discovery and replication datasets is shown in figure 2 . The PGRS accounts for 1.5% variation of the LGI within left IPL and 2% variation of the LGI within right IPL in the discovery datasets, while in the replication dataset, the PGRS accounts for 1% variation of LGI within left IPL and 2.1% variation of the LGI within right IPL. Supplementary table 2 shows the associations between PGRSs and mean LGI within the significant clusters by taking age and gender as covariates and these results support our choice about threshold.
Discussion
The present study revealed a consistent effect of the polygenic risk for schizophrenia on cortical gyrification in the IPL in 2 independent general-population samples. A higher PGRS was significantly associated with a lower LGI in the bilateral IPL, areas that have previously been linked to schizophrenia in case-control studies. 39 These findings support our hypothesis. The fact that these results were robust in that they were very similar in the 2 independent populations suggests that reduced IPL gyrification, which may imply abnormal neurodevelopment in the IPL, is a genetically modulated vulnerability factor that is likely associated with schizophrenia. Fig. 1 . Associations between local gyrification index (LGI) and polygenic risk score (PGRS) using discovery dataset (A), replication dataset (B), and the conjunction analysis for the regions with joint significant associations using discovery and replication datasets (C). The regions in blue showed a significant linear decrease in LGI with increasing PGRS. The color bar indicates T-values corrected for cluster-wise multiple comparisons with P < .05.
Apart from the aforementioned studies which investigated whether abnormal brain function and cognitive impairment could be attributed to the polygenic architecture of schizophrenia, 3 additional studies examined the combined effect of schizophrenia-related loci on brain volume. Unfortunately, they reported contradictory results: One of them found a negative association between brain volume and the polygenic risk for schizophrenia, 13 whereas the 2 other studies did not find any association. 14, 15 However, assessing only cortical volume may obscure individual differences in other cortical morphological measures 40 such as cortical gyrification. Cortical gyrification refers to the neurodevelopmental process by which the cortical morphology is altered to form sulcal and gyral regions 41 and may reflect optimal intra-cortical organizations. 42 Previous longitudinal studies of cortical gyrification have found that by the age of 2, the cortical gyrification increases 23.7% compared with the value at birth, may peak between 2 and 6 years old, 43 and then decreases in most of the brain surface. 44, 45 So we speculate that lower LGI in higher risk adults may result from abnormal increase before 6 years old or excessive decrease after that period. However, more biological evidences are needed to reveal the specific mechanisms of the current finding. Since schizophrenia is now widely accepted as having neurodevelopmental origins, investigating the direct influences of genetic factors involved in neurodevelopmental process on cortical gyrification could help further understand the etiopathology of schizophrenia. By combining the effects of tens of thousands of weakly-associated risk variants for schizophrenia into a single risk score, we were able to detect the cumulative effects of various biological systems and pathways which might influence cortical gyrification. Taken together, our results seem to further support a model in which genetic variants increase the risk for schizophrenia through abnormal development of cortical structure.
In this study we found that subjects with a higher polygenic risk for schizophrenia showed a lower LGI in the IPL. Previous studies have investigated the differences of cortical gyrification between schizophrenia patients and normal controls, and majority of studies reported hypogyria of LGI in patients. 46 Reduced gyrification in the IPL has been reported in schizophrenics compared to healthy controls. 39, 47 In another study, significant hypogyria was found in the right inferior parietal lobe in schizoaffective individuals compared to normal subjects and a trend toward hypogyria was found in the right IPL of schizophrenics compared to control subjects. 46 In addition, a decreased LGI in the IPL was found in individuals with velo-cardio-facial syndrome, who are at high risk for developing schizophrenia, compared to normal controls. 48 The IPL is involved in several functions, including executive functions, [49] [50] [51] working memory, 52, 53 and social cognition. 54 Varieties of clinical symptoms, such as thought disorder, disturbance of body image, disruptions in the sense of self, and attention deficits, suggest a role for the abnormalities of the IPL 55 in schizophrenia. Furthermore, the IPL forms an integral part of the critical fronto-parietal network, which has been implicated in various cognitive deficits and clinical symptoms in schizophrenia. Thus, the IPL has emerged as a prominent neuroanatomical location for the therapeutic application of repetitive transcranial magnetic stimulation in schizophrenia. 57, 58 Our results may suggest that common genetic variants of schizophrenia affect the cortical morphometry of the IPL and thus increase schizophrenia vulnerability.
Besides the IPL, we also found significant association in the precentral and postcentral regions. Motor dysfunction is one of the major features of schizophrenia. [59] [60] [61] Movement is accompanied by activation of the postcentral gyrus and somatosensory stimuli that activate the precentral gurus. 62 Given that the primary motor cortex (precentral and postcentral gyrus) is responsible for the direct production of motor and its outputs to the pyramidal tract, any gray matter or white matter loss in this area could produce a movement deficit. 59 Moreover, precentral areas are involved in the pathophysiology of abnormal social communication in schizophrenia patients. 63 Our structural MRI studies showed lower LGI in these areas in higher risk adults, which corroborates previous studies showing abnormal activation, volume loss and abnormalities in cortical gyrification in these brain regions in the schizophrenia patients. 24, 59, 63, 64 Except for the regions showing differences in our studies, previous studies also found other brain areas, including frontal cortex, 65, 66 showing differences in cortical gyrification. Moreover, we found the replication dataset showed a greater extent of cortical areas associated with PGRS. Sample differences in age, education level and other environmental factors may make such differences in results. However, more solid evidences are needed to support such explanations.
Our study found a consistent relationship between the PGRS and cortical gyrification. However, several issues still need to be considered and future studies should address these. First, increasing the sample size in a future study can improve the statistical results of a polygenic analysis. 6 Second, since the PGRS was derived by analyzing each candidate locus independently and then aggregating the data into an additive model, 4 we did not consider potential gene-gene interactions. Future studies should investigate epistatic effects by using more sophisticated multivariate models. Third, the list of SNPs used for computing the PGRS was derived from a single GWAS because, in this way, we were able to obtain a complete list of the SNPs and their corresponding odds ratios from what is currently the largest GWAS of schizophrenia. Future research should include additional SNPs that have been identified by other studies. Fourth, although the discovery sample and the replicate sample are both scanned on 3.0T GE Scanners and the sequences used in 2 scanners are almost similar, more stringent QC protocol should be performed in further studies. For example, a few subjects could have been scanned on both scanners for examination and correction, and the longitudinal QC within each scanner also should be considered. Fifth, both discovery sample and replication sample were young adults, however, age was significantly different between the 2 datasets. Thought we have taken age as one of covariates in the statistical analysis, more evidences and independent samples are needed to find the effect of age on the results in the future studies. Finally, if we could calculate the PGRS based on a Chinese GWAS in the future, it may improve the statistical power.
In conclusion, we found a robust relationship between a greater polygenic risk for schizophrenia and a lower level of cortical gyrification in the IPL in 2 independent samples. Our results support a number of studies which have demonstrated a polygenic etiology for schizophrenia and related phenotypes. We were also able to strongly support the effectiveness of 2 approaches, PGRS and endophenotype analysis, in establishing the genetic architecture of psychiatry.
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Supplementary material is available at http://schizophreniabulletin.oxfordjournals.org. 
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